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Abstract 
In view of pseudogap-like behavior found in organic layered superconductors κ-(BEDT-TTF)2X, we study the stability of 
correlated staggered flux state, which may bring about pseudogap behavior, with respect to the ordinary correlated Fermi sea as a 
low-lying normal state that underlies the unconventional superconductivity. To treat strong correlations, we apply a variational 
Monte Carlo method to a Hubbard model on a anisotropic triangular lattice, and construct a phase diagram of the normal state for 
large values of ܷȀݐ. The results are qualitatively consistent with the features of non-doped κ-(BEDT-TTF)2 salts.  
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1. Introduction 
Recent experiments on the pseudogap phase of underdoped cuprate superconductors (SC’s) revealed that the 
origin of this phase is not a pairing fluctuation as a precursor to superconductivity (SC) but distinct magnetic orders 
caused by some local currents. As a possible quantum state to generate such features of the pseudogap phase, a 
correlated staggered flux (SF) or d-density wave state (Fig. 1(a)) [1] was recently reconsidered for the Hubbard (ݐ-
ݐԢ-ܷ) model with plausible results [2]. Similar pseudogap-like behavior has been observed in a series of layered 
organic salts κ-(BEDT-TTF)2X [henceforth, abbreviated as κ-(ET)2X] [3-5]. Low-energy behavior of κ-(ET)2X is 
described in most cases by the Hubbard model on an anisotropic triangular lattice at half filling [6]. The degree of 
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anisotropy or frustration ݐᇱȀݐ can be varied by substituting the anion X or by applying uniaxial pressure, and is 
estimated by ab initio calculations at 0.4-0.7 for weakly frustrated compounds and ̱0.8 for a highly frustrated one 
κ-(ET)2Cu2(CN)3 [5,7]. The former compounds have relatively strong antiferromagnetic (AF) correlations and bring 
about SC transitions at high critical temperatures as organic compounds. Among them, deuterated κ-
(ET)2Cu[N(CN)2]Br (ݐᇱȀݐ̱ͲǤͶ) is shown to exhibit pseudogap behavior such as a steep decrease in the NMR spin-
lattice relaxation time (ͳȀ ଵܶܶ) in the metallic phase under applied pressure. On the other hand, the latter κ-
(ET)2Cu2(CN)3, which never shows an AF order in the insulating phase under ambient pressure, exhibits a Korringa 
relation (ͳȀ ଵܶܶ ൌ  const.) in the metallic phase under pressure down to a relatively low ୡܶ  (3-4K), namely, 
pseudogap behavior is missing [8]. Furthermore, similar pseudogap behavior was recently observed in a doped κ-ET 
salt [κ-(ET)4Hg2.89Br8] [9], in which the doping rate of holes is 0.11 and ݐᇱȀݐ̱ͲǤͺ.  
In this work, we discuss the possibility that, in the anisotropic triangular lattice, SF states become stable normal 
states that underlie SC and generate the above pseudogap behavior in κ-ET salts, similarly to the case of cuprates [2]. 
As a method of calculation, a variational Monte Carlo (VMC) scheme is used to cope with the strong correlation.  
2. Formulation 
As a model of κ-ET salts, we consider a Hubbard model on an anisotropic triangular lattice (Fig. 1) [6]:  
ܪ ൌ ܪ௧ ൅ ܪ௧ᇲ ൅ ܪ௎ ൌ െݐ ෍൫ܿ௜ఙற ௝ܿఙ ൅ Ǥ Ǥ ൯ െ ݐԢ ෍ ൫ܿ௜ఙற ௝ܿఙ ൅ Ǥ Ǥ ൯ ൅ ܷ෍ ௝݀
௝ሺ௜ǡ௝ሻఙۃ௜ǡ௝ۄఙ
ǡሺͳሻ 
where ௝݀ ൌ ௝݊՛ ௝݊՝ ,  ௝݊ఙ ൌ ௝ܿఙற ܿ௝ఙ , and the sums of ۃ݅ǡ ݆ۄ  and ሺ݅ǡ ݆ሻ  are taken for nearest-neighbor pairs and for 
diagonal-neighbor pairs in the ሺͳǡͳሻ  and ሺെͳǡെͳሻ  directions, respectively; thus, the energy dispersion of the 
noninteracting part is given by ߝܓ෥ ൌ െʹݐ൫݇௫ ൅ ݇௬൯ െ ʹݐԢሺ݇௫ ൅ ݇௬ሻ. In this model, we study the stability 
of the correlated staggered flux state Ȳୗ୊ ൌ ܲȰୗ୊ with respect to the ordinary projected Fermi sea (Ȳ୒ ൌ ܲȰ୒) as a 
normal state underlying the SC state. Here, ܲ is a product of many-body factor discussed shortly. The one-body 
function Ȱୗ୊ is the ground state of a non-interacting staggered flux Hamiltonian ܪୗ୊ in each plaquette of which a 
magnetic flux of േͶߠ penetrates alternately (Fig. 1(a)). Because of the band folding by (ߨǡ ߨ), Ȱୗ୊ is given as a 
mixed state of the operators of the two sublattices with ߠ being a variational parameter here: 
Ȱୗ୊ ൌ ς ଵξଶܓאܓూǡఙ ൣɀܓሺߠሻ୅ܓఙ
ற ൅ ୆ܓఙற ൧ȁͲۄǡஃ௝ఙ ൌ ට ଶே౩ σ ݁
୧ܓȉܚೕஃܓఙǡ୩ ሺʹሻ  
where A (B) labels the sublattice, Ȧ ൌ  , and ߛܓሺߠሻ ൌ ʹݐ݁௜௞ೣ൫݁௜ఏ݇௫൅݁ି௜ఏ݇௬൯Ȁȁܧୗି୊ሺܓሻȁ . Here, 
ܧୗି୊ሺܓሻ ൌ െඥሺͳ ൅ ʹߠሻȀʹඥߝܓଶ ൅ οܓଶ is the energy dispersion of the lower band for ܪୗ୊ with ߝܓ ൌ െʹݐ൫݇௫ ൅
݇௬ሻ, οܓ=οఏ൫݇௫ െ ݇௬൯, and οఏൌ ʹݐඥሺͳ െ ʹߠሻȀሺͳ ൅ ʹߠሻ. Note that ܧୗି୊ሺܓሻ has a form (݀௫మି௬మ -
wave gap) similar to the quasiparticle energy in d-wave 
SC, and its band top forms a Dirac cone centered at 
ሺߨȀʹǡ ߨȀʹሻ for the ߨ-flux case ሺߠ ൌ ߨȀͶሻ. For ߠ ൏ ߨȀͶ, 
the Dirac cone is elongated in the ሺߨǡ Ͳሻ-ሺͲǡ ߨሻ direction. 
In a doped case, the Fermi surface is made of a cross 
section of this elongated Dirac cone, which resembles a 
Fermi arc observed for cuprates by ARPES etc. Ȱୗ୊ 
breaks the lattice rotational, lattice translational and 
time reversal symmetries. To Ȱୗ୊ , we multiply 
correlation factors, ܲ ൌ ୋܲሺ݃ሻ ொܲሺߞୢǡ ߞ୦ሻ థܲሺ߶ሻ . Here, 
ୋܲሺ݃ሻ  is the onsite (Gutzwiller) projection, and 
ொܲሺߞୢǡ ߞ୦ሻ a nearest-neighbor doublon-holon projection 
indispensable for treating Mott physics [10,11]. In 
addition to these two, we have to include a configuration-dependent phase factor థܲ required by Mott physics for a 
current-carrying state [12,2]. In the present case, an appropriate form of థܲ is given by, 
Fig. 1. (a) Schematic figure of staggered current in square 
plaquettes in Ȳୗ୊. The characters A and B indicate the sublattices;  
(b) the same in triangular plaquettes in Ȳ୲୰୧. Every lattice point is 
equivalent (A). The arrows on the lattices in both panels indicate 
the direction of Peierls phases θ. 
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where   ܠ and ܡ indicate the lattice vectors in ݔ and ݕ directions respectively, ߣ ൌ ͳ (2) specifies the sublattice A (B), 
݆  runs over all lattice points in sublattice ߣ , and ݄ఒǡ௝ ൌ ൫ͳ െ ௝݊՛൯൫ͳ െ ௝݊՝൯ . Without థܲ , Ȳୗ୊  is not stabilized, 
compared to the projected Fermi sea Ȳ୒, in the Hubbard model [2].  
So far, regarding the ground state, there have been many studies [4] including VMC [13]. Here, we shed light on 
the stability of Ȳୗ୊  with respect to Ȳ୒  as the lowest normal state, and compare the results with the above 
experiments and those for the ݐ-ݐԢ-ܷ (both diagonal ݐԢs) model for cuprates. In Ȳ୒, we introduce an effect of Fermi-
surface renormalization within ݐᇱȀݐmanually as explained in Fig. 2(b). Optimization of the trial states (݃, ߞୢǡ ߞ୦, ߠ, 
߶ for Ȳୗ୊) are numerically implemented using a standard VMC technique. Expectation values are estimated with 
ʹǤͷ ൈ ͳͲହ samples for ܮ ൈ ܮ-site lattices (ܮ ൌ10,12) under the periodic-antiperiodic boundary conditions. 
3. Results and disucussions 
For ݐᇱȀݐ ൌ Ͳ, it is known that Ȳୗ୊ is unstable against Ȳ୒ approximately for ܷȀݐ ൏ ͷ, while it becomes stable 
with respect to Ȳ୒ for a [moderately] larger ܷȀݐ at half filling [for small doping rates (ߜ ൏ ͲǤͳ)] [2]. Because the 
symmetries of Ȳୗ୊  and Ȳ୒  are different, the stable normal state switches from Ȳ୒  to Ȳୗ୊  at a certain ܷȀݐ  as a 
transition. It should be emphasized that Ȳୗ୊  is never stabilized in a weakly correlated regime. This aspect is 
basically unchanging for ݐᇱȀݐ ് Ͳ, but the degree of stability is expected to largely depend on the value of ݐᇱȀݐ, as 
deduced from the result for the model of cuprates with both diagonal hoppings [2]. Since effective values of ܷȀݐ for 
ߢ-ET salts are estimated at 5-15 [7,14], here we focus on the cases of ܷȀݐ ൌ8 and 12. 
In Fig. 2, we compare the total energy per site among Ȳୗ୊ [E(SF)] and Ȳ୒ [E(N)] as normal states and some 
ordered states [13] that are likely to be the ground state. As ȁݐᇱȀݐȁ increases, for ߜ̱Ͳ, the noninteracting Fermi 
surface changes to a shape of elongated circle in the (െͳǡͳሻ-(ͳǡെͳ) direction, and leaves the vicinity of (ߨǡ Ͳ) and 
equivalent points, where the density of state diverges. This indicates that electron scattering of ۿ ൌ ሺߨǡ ߨሻ near the 
(ߨǡ Ͳ) point becomes difficult to occur. Consequently, the d-wave state becomes unstable, unless the Fermi surface is 
appropriately renormalized, as shown in Fig. 2(a). One notices in Figs. 2(a) and 2(b) that the Femi-surface 
renormalization is also important for Ȳ୒ (black circle symbols).  
Fig. 2. Comparison of energies among various states (a) at half filling for ܷȀݐ ൌ ͺ, and (b) for a doped case for ܷȀݐ ൌ ͳʹ. The switching 
points of E(FS) and E(N) are indicated by arrows with ݐԢୡଵand ݐԢୡଶ . In (a), only the data for negative ݐᇱȀݐ are shown, because ܧȀݐ  is 
symmetric with respect to ݐᇱȀݐ ൌ Ͳ at half filling owing to the electron-hole symmetry. The energy of band-renormalized d-wave pairing 
state [solid line, E(d)] [15] along with those of 120-degree AF [E(120ι)] [15] and renormalized (π,π)-AF [E(AF)] [15] are added. These states 
should be the ground state. In both panels, we extended some straight sections in E(N). These straight lines correspond to the renormalized 
energies; the lowest extended line is the optimal renormalized value. In (b), E(d) is not renormalized. 
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Now, we discuss the stability of the normal states. At half filling, E(FS) is lower than E(N) for a small ȁݐᇱȀݐȁ. For 
ܷȀݐ ൌ ͺ, the lowest normal state switches from Ȳୗ୊ to Ȳ୒ at ȁݐᇱୡଶȀݐȁ ൌ ͲǤ͹Ͷͻ (ܮ ൌ ͳʹ) as seen in Fig. 1(a), namely, 
the normal state underlying SC in a weakly (strongly) frustrated case tends to be Ȳୗ୊ (Ȳ୒). Therefore, it is possible 
to consider that the pseudogap behavior for ܶ ൐ ୡܶ  of 
deuterated κ-(ET)2Cu[N(CN)2]Br (ݐᇱȀݐ̱0.4) is caused by the 
nature of the SF state, whereas the Fermi-liquid-like behavior 
above ୡܶ  of κ-(ET)2Cu2(CN)3 ( ݐᇱȀݐ̱0.8) is based on Ȳ୒ , 
which has a ordinary Fermi surface at any ܓ୊ without a gap, 
in contrast to Ȳୗ୊. Because the switching value considerably 
changes to ȁݐᇱୡଶȀݐȁ ൌ ͳǤͶͳʹ for ܷȀݐ ൌ ͳʹ, it is necessary to 
determine the effective value of ܷȀݐ, as well as ݐᇱȀݐ, more 
accurately for each compound. For doped cases, energy of 
each state, especially of Ȳ୒ , tends to decrease as ݐᇱȀݐ 
increases, as shown in Fig. 2(b). Calculating E/t for various 
values of ݐᇱȀݐ  and ߜ , we construct a phase diagram of the 
stable normal state that underlies the unconventional SC (Fig. 
3). The area of Ȳୗ୊  rapidly shrinks as ߜ  increases, 
particularly for െͲǤͶ ൑ ݐᇱȀݐ ൑ Ͳ, as compared with the case 
of both diagonal hopping model [2]. Ȳୗ୊ is unstable against 
Ȳ୒ at ߜ ൌ ͲǤͲͺ͵ (ͲǤͳͳ1) for ܷȀݐ ൌ ͺ (12) for any ݐᇱȀݐ. This 
is primarily caused by the large dependence of E(N) on ݐᇱȀݐ.  
Finally, we touch on other local-current states based on 
the triangular lattice (Ȳ୲୰୧ ൌ ܲȰ୲୰୧) shown in Fig. 1(b), as a 
different possibility of the lowest normal state. Because these states do not break the lattice translational symmetry, 
the one-body part Ȱ୲୰୧ is written as a Fermi sea of original electron operators with the energy dispersion, ߝܓ஢ ൌ ߝܓା 
for the charge-current state Ȳ୲୰୧ୡ  and ߝܓ՛ሺߝܓ՝ሻ ൌ ߝܓାሺߝܓିሻ for the spin current state Ȳ୲୰୧ୱ , where 
 ߝ୩േ ൌ െʹݐ൛ߠൣ݇௫ ൅ ݇௬ ൅ ሺݐᇱȀݐሻ൫݇௫ ൅ ݇௬൯൧ േ ߠൣ݇௫ ൅ ݇௬ െ ሺݐᇱȀݐሻ൫݇௫ ൅ ݇௬൯൧ൟሺͶሻ.         
Here, ߠ is 1/3 of the magnetic flux penetrated in a plaquette, and is optimized in Ȳ୲୰୧. We applied Ȳ୲୰୧ ൌ ୋܲȰ୲୰୧ to 
the Heisenberg (ܬ-ܬԢ) model on the anisotropic triangular lattice, and found that both Ȳ୲୰୧ୡ  and Ȳ୲୰୧ୱ  are not stabilized 
with respect to Ȳ୒, as far as a magnetic field is not applied [16]. Because a SF state is stabilized by the energy 
reduction in the exchange part [2], Ȳ୲୰୧ will not be stabilized also in the Hubbard model irrespective of doping rate.  
       In conclusion, pseudogap behavior or its absence in non-doped κ-ET salts may be understood in terms of the 
staggered flux state on the square lattice, similarly to cuprates. However, this is not the case for the pseudogap found 
in a doped κ-ET salts (see Fig. 3). Theoretically and experimentally, more efforts are necessary.   
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Fig. 3. Phase diagram of low lying normal states in ߜ-ݐᇱȀݐ 
space. The boundaries are determined by ݐԢୡଵand  ݐԢୡଶ in Fig. 
1 and similar figures for other values of ߜ and ݐᇱȀݐ. `Ordinary 
normal’ indicates the projected Fermi sea,  Ȳ୒ . Parameter 
values estimated by ab initio calculations for some organic 
compounds are also marked; `ߢ-ET salts’ indicates a typical 
values like X = Cu[N(CN)2]Br and Cu(NCS)2.   
